Staphylococcus aureus protein A (SpA) plays a critical role in the induction of inflammation. This study was aimed to determine whether the number of short sequence repeats (SSRs) present in the polymorphic region modulates the inflammatory response induced by SpA. We demonstrated that there is a dose-response effect in the activation of interferon (IFN)-β signaling in airway epithelial and immune cells, depending on the number of SSRs, which leads to differences in neutrophil recruitment. We also determined that a significant proportion of isolates from patients with chronic infections such as osteomyelitis and cystic fibrosis carry fewer SSRs than do isolates from patients with acute infections or healthy carriers and that there was an inverse correlation between the number of SSRs and the length of disease course. Given the importance of IFN signaling in eradication of S. aureus, loss of SSRs may represent an advantageous mechanism to adapt to and persist in the host.
Staphylococcus aureus is a major human pathogen that colonizes the human anterior nares and which represents a major source for invasive infections [1] . This microorganism causes a broad range of infections, ranging from skin disorders to severe invasive diseases such as pneumonia, endocarditis, osteomyelitis, and sepsis [2] . The increase in the prevalence of hospitalacquired (HA) and community-acquired (CA) methicillin-resistant S. aureus (MRSA) strains raises an important concern in public health and accounts for significant morbidity and mortality worldwide [3, 4] .
Among the virulence factors expressed by S. aureus [2, [5] [6] [7] [8] , protein A (SpA) is a 42-kDa conserved surface protein present in the vast majority of human isolates that plays an important role in pathogenesis. SpA consists of 5 conserved domains located at the aminoterminal end followed, in the carboxy-terminal portion, by a polymorphic region, named Xr, containing a variable number (1-22) of 24-bp short sequence repeats (SSRs). These polymorphisms are generated by deletion, duplication, and point mutations and have been extensively used as an epidemiological tool for S. aureus molecular typing [9] . To date (September 2011) 491 SSRs that define >9200 spa types have been characterized in a large database (Ridom spa server) compiled from >180 000 strains provided by laboratories from >81 countries. Of note, only 14 spa types have a frequency ≥1% and these 14 spa types account for 50% of the isolates reported to the Ridom database.
SpA has long been recognized as a S. aureus virulence factor on the basis of the presumed antiphagocytic properties attributed to its ability to bind the Fc component of immunoglobulin G [10] . It was subsequently demonstrated that protein A exerts other important roles such as platelet activation [11] , B-cell proliferation [12] , and induction of airway inflammation by its ability to activate tumor necrosis factor α and interferon (IFN)-β signaling cascades that significantly contribute to the development of pneumonia [13, 14] . Type I IFN induction is mediated by the polymorphic Xr region and contributes to proinflammatory cytokine production and neutrophil recruitment to the lung. Mice lacking the IFN-α/β receptor 1 are better protected against lethal S. aureus pneumonia compared with wild-type control mice, demonstrating the deleterious role of this signaling cascade during lung infection [14] .
The large variability in the number of spa SSRs found in S. aureus clinical isolates has suggested a potential role for the length of the Xr region in pathogenesis. Previous studies have shown that the Xr region is subject to mutations during longterm persistence in the airways of patients with cystic fibrosis (CF) [15] , indicating adaptation to the hostile environment. Furthermore, most epidemic MRSA strains harbor >7 SSRs in the polymorphic region of spa whereas most nonepidemic MRSA strains contain ≤7 repeats [16] . On the basis of the ability of the Xr region to initiate type I IFN-mediated responses and the role of this signaling cascade in S. aureus virulence, we hypothesize that the number of SSRs within the Xr region may modulate the inflammatory response induced by SpA and may play a role in the pathogenesis of staphylococcal diseases.
MATERIALS AND METHODS

Recombinant Proteins and Bacteria
The polymorphic region of spa from S. aureus Newman (spa type 008, repeats 11-19-12-21-17-34-24-34-22-25 ) and 2 clinical isolates (spa type 128, repeats 07-23-23-21-16-34-33-13 and spa type 693, repeat 07) harboring 10, 8, and 1 SSRs, respectively, was cloned into pGEX-KG. Glutathione S-transferase (GST) fusion proteins were purified as described previously [17] and cleaned of potential lipopolysaccharide contamination using Detoxi-Gel Endotoxin Removing Gel columns (Pierce). Lactococcus lactis MG1363 carrying the pKS80 vector containing the full-length spa harboring 10, 8, or 1 SSRs or an empty vector control were grown as previously described [18] . Lactococcus lactis MG1363 and the pKS80 vector were provided by Dr Tim Foster (Trinity College, Dublin, Ireland).
Cell Lines and Primary Cultures
Mouse airway epithelial cells isolated from nasal septum were grown as previously detailed [14] . Raw cells were grown in RPMI medium 1640, 10% fetal bovine serum, 0.11 mg/mL pyruvate (Sigma-Aldrich), 1X glutamax (Gibco), and 1X nonessential amino acids (Gibco).
Real-time Polymerase Chain Reaction
RNA was isolated using TRIzol Reagent (Invitrogen). Complementary DNA was made from 1 μg of RNA using M-MLV Reverse Transcriptase (Promega). Primers and annealing temperatures used for quantitative real-time polymerase chain reaction (PCR) are listed in Table 1 . Glyceraldehyde 3-phosphate dehydrogenase was used as control for standardization.
Cytokine Detection
Mouse interleukin 1β (IL-1β) and interleukin 6 (IL-6) were detected in culture supernatant by enzyme-linked immunosorbent assay using DuoSet antibody pairs (R&D Systems).
Mouse Studies
Balb/c mice (7-10 days old) were intranasally inoculated with 10 μL of the recombinant proteins (0.25 nmol/g) [13] or phosphate-buffered saline (control). Balb/c mice (5-6 weeks old) were intraperitoneally inoculated with 200 μL of the recombinant proteins (0.125 nmol/g) [19] or L. lactis (5 × 10 7 colonyforming units/mL). Neutrophils were detected in lung homogenates or peritoneal lavages by staining the cells with phycoerythrin-labeled anti-CD45 and fluorescein isothiocyanate-labeled anti-Ly6G (BD Pharmingen) [13] . Care of the animals was in accordance with the Institutional Committee for Use and Laboratory Animal Care at the University of Buenos Aires and internationally accepted guidelines [20] .
Western Blot Analysis
Cell suspensions were made as described previously [14] . Immunodetection was performed using p-STAT1 (Y701), p-STAT3 (Y705) (Cell Signaling Technology), and β-actin (Sigma-Aldrich) antibodies followed by secondary antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology). Samples were analyzed with ImageJ software.
S. aureus Clinical Isolates
We used a collection of S. aureus isolates from healthy carriers and patients with chronic or acute infections from Argentina that have been partially characterized previously [21] [22] [23] . Isolates from patients with osteomyelitis were obtained from bone, soft tissue, synovial fluid, or osteoarticular secretions; belonged in CC1, CC5, CC8, CC30, and CC97; and were 50% MRSA. Isolates from patients with acute infections were obtained from blood (sepsis, pneumonia), pleural fluid ( pneumonia), or cerebrospinal fluid (meningitis), the majority of which belonged in CC5 and CC30 and were 100% MRSA. A second group of isolates was obtained from healthy carriers and patients with chronic osteomyelitis (CC2, CC12, CC24, CC81, CC162, CC166, CC346; 24% MRSA) [24] or CF [25] from Germany. The CF isolates were cultured from sputum or deep throat swabs during a prospective study [24, 25] . Selected early and late isolates were obtained at least 5 years apart. The spa typing was performed as previously described [9] .
Statistics
Samples with normal distribution were analyzed using 1-way analysis of variance with Bonferroni posttest to compare all pairs of data. Samples that did not follow normal distribution were analyzed with the nonparametric Kruskal-Wallis test with Dunn posttest. GraphPad Prism software was used. The spa typing data from clinical isolates were analyzed using the Fisher exact test and the nonparametric correlation Spearman test from GraphPad Prism software.
RESULTS
The spa Polymorphism Regulates IFN-β Signaling
Despite the high variability of the Xr region at the DNA level, the amino acid sequence of the repeats present in the most frequent spa types is highly conserved (Table 2) , which suggests a role for the SpA Xr region in S. aureus pathogenesis.
Considering that the polymorphic region of SpA induces type I IFN responses in airway epithelial cells [14] , we assessed the potential modulatory effect of spa polymorphism in the induction of IFN-β. There was a significant increase in the expression of IFN-β when airway epithelial cells were stimulated with Xr containing 8 or 10 SSRs ( Figure 1A ). In contrast, the Xr protein containing 1 SSR did not induce IFN-β ( Figure 1A) . Stimulation of macrophages with the Xr proteins showed a significant increase in the expression of IFN-β when the cells were stimulated with Xr containing 10 SSRs, whereas Xr proteins containing 1 SSR or 8 SSRs did not induce IFN-β ( Figure 1B ), suggesting that macrophages respond differently than airway epithelial cells to the polymorphic region of SpA.
We then evaluated the effect of the spa polymorphism on the induction of IFN-β-regulated genes. There was a significant increase in the production of IL-6 in airway epithelial cells stimulated with Xr proteins containing 8 or 10 SSRs ( Figure 1C ) whereas the Xr protein containing 1 SSR did not stimulate IL-6. Among the genes regulated by IFN-β in macrophages, we demonstrated a significant increase in CXCL10, a chemokine critical for bacterial clearance during sepsis [26] , in response to the Xr protein containing 10 SSRs ( Figure 1D ).
The dose-response effect of the number of SSRs within the Xr region in the induction of IFN-β-mediated signaling was confirmed using full-length protein A expressed at the surface of the commensal bacteria L. lactis. Similar to the results obtained with purified proteins, L. lactis expressing SpA with 8 or 10 SSRs induced significant levels of IL-6 in airway epithelial cells ( Figure 1E ) and there was a significant increase in CXCL10 in macrophages stimulated with L. lactis expressing SpA with 10 SSRs (Figure 1F ).
The Number of SSRs Present at the Polymorphic Region Regulates Inflammatory Responses In Vivo
We next evaluated the modulatory role of spa polymorphism in the induction of inflammatory responses in vivo using murine models of airway and peritoneal inflammation. After intranasal inoculation, Xr proteins containing 8 or 10 SSRs induced activation of STAT1 and STAT3, transcription factors normally induced by IFN-β, in the lungs, whereas the Xr protein containing 1 SSR did not induce STAT1/3 activation (Figure 2A ). The expression of IL-6 in the lung was increased in mice inoculated with Xr proteins containing 8 or 10 SSRs ( Figure 2B ) and there was a significant increase in the recruitment of neutrophils to the lungs ( Figure 2C ). The 
a Ridom database nomenclature corresponding to repeats present in the 14 spa types reported with a frequency of at least 1%.
b Bold values highlight conserved amino acids.
inflammatory response induced in the airways mainly reflects epithelial cell responses as alveolar macrophages do not produce type I IFN [27] .
To evaluate the role of spa polymorphism in macrophageinduced inflammatory responses in vivo, groups of mice were inoculated by the intraperitoneal route with Xr proteins containing 1, 8, or 10 SSRs. In agreement with the results obtained in vitro, there was a significant increase in the expression of CXCL10 ( Figure 2D ) and the recruitment of neutrophils ( Figure 2E ) in mice inoculated with the Xr protein containing 10 SSRs. Similarly, a significant increase in the recruitment of neutrophils was observed in mice intraperitoneally inoculated with L. lactis expressing SpA carrying 10 SSRs compared with control mice or mice that received L. lactis expressing SpA carrying 1 SSR ( Figure 2F ). Moreover, a Figure 2 . Role of spa polymorphism on the induction of inflammation in vivo. (A) Mice were intranasally inoculated with Xr1, Xr8, Xr10, or phosphate-buffered saline (PBS; control) and 2 h later, p-STAT1 (Tyr701), p-STAT3 (Tyr705), and β-actin were detected in lung lysates by immunoblot analysis. Data from 2 representative mice are shown; the bars represent the relative intensity of each band. B-E, Mice were inoculated with Xr1, Xr8, Xr10, or PBS (control) by intranasal (B and C) or intraperitoneal (D and E) route. Two hours later the levels of interleukin 6 (IL-6) in the lung (B) and CXCL10 in peritoneal cells (D) were determined by real-time polymerase chain reaction. At the same time, the percentage of neutrophils in the lung (C) or peritoneum (E) was determined by flow cytometry ( percentage of neutrophils). F, Mice were inoculated with Lactococcus lactis expressing protein A (L. lactis SpA) carrying 1 or 10 short sequence repeats or L. lactis containing a control vector (control), and 2 h later the percentage of neutrophils in the peritoneum was determined by flow cytometry. G, Mice were inoculated with Xr1, Xr8, Xr10, or PBS (control) by intraperitoneal route and 2 h later the levels of IL-6 in serum were determined by enzyme-linked immunosorbent assay and compared to basal levels of this cytokine in noninoculated (N.I.) mice. B-G, Each dot represents an individual mouse, and horizontal lines show the median value in each group. Data were analyzed using Kruskal-Wallis test with Dunn posttest for multiple comparisons. *P < .05, **P < .01, ***P < .001. , and the induction of IL-6 and CXCL10 was determined by real-time PCR. Data are presented as fold increases over controls, are representative of 3 independent experiments, and were analyzed using 1-way analysis of variance with the Bonferroni posttest. *P < .05, **P < .01, ***P < .001.
significant increase in the levels of circulating IL-6 was observed in mice inoculated with the Xr protein containing 10 SSRs ( Figure 2G ).
The Length of the Polymorphic Region Modulates Inflammatory Responses Induced by the Amino-Terminal Portion of SpA
The amino-terminal portion of SpA, comprising the 5 immunoglobulin G binding domains, induces proinflammatory cytokines and chemokines in airway epithelial cells [17, 28] and macrophages ( Figure 3A and 3B) . We evaluated whether a higher number of SSRs could have an impact on the inflammatory responses induced by the amino-terminal portion of the protein regardless of the signaling cascades induced by the polymorphic region. Macrophages were stimulated with L. lactis expressing SpA carrying 1, 8, or 10 SSRs in the polymorphic region, and the production of IL-1β and IL-6, cytokines that are not induced by the Xr region in macrophages ( Figure 3A and 3B) , was determined. Lactococcus lactis expressing longer SpA (carrying 8 or 10 SSRs) induced significantly increased levels of IL-1β and IL-6 compared with L. lactis expressing SpA carrying 1 SSR ( Figure 3C and 3D) . These results suggest that, in addition to the dose-response effect on the induction of IFN signaling cascades, longer polymorphic regions may have an impact in the responses induced by the amino-terminal region of the protein, probably by enabling the protein to protrude further from the cell surface.
spa Polymorphism in Healthy Carriers and in Acute and Chronic Disease
After establishing that the length of the polymorphic region contributes to determine the magnitude of the inflammatory responses induced by staphylococcal SpA, we studied the relevance of this finding in the context of human S. aureus colonization and infection.
We determined the spa type of 337 S. aureus isolates from healthy carriers (n = 101) and patients with acute (n = 67) or chronic (n = 169) infection (Table 3 ). Chronic infections included 2 well-characterized clinical groups: isolates from patients with CF (2 isolates with identical pulsotype from each of 28 patients, collected 5-14 years apart [n = 56]) and single isolates from patients with chronic osteomyelitis (time of evolution of disease ranged from 6 months to 40 years) from 2 distinct geographical regions (Argentina [n = 67] and Germany [n = 46]; Table 3 ).
The majority of the isolates from healthy carriers and patients with acute infections carried 9 or 10 SSRs ( Figure 4A and 4B), which correspond to types frequently isolated during S. aureus outbreaks [29] , whereas the number of repeats in the population of patients with chronic diseases was very heterogeneous ( Figure 4C and 4D ). This finding was independent of the geographical location where the isolates were collected, indicating that this observation was not the result of the expansion of a single clone ( Figure 4C , Table 3 ). A significant proportion of isolates from patients with chronic osteomyelitis carried ≤7 SSRs compared with the corresponding proportion in isolates from patients with acute infections. Conversely, the majority of isolates from patients with acute disease (60/67) carried >7 SSRs (P < .01, contingency Fisher exact test) ( Figure 4E ). The proportion of isolates from patients with CF that carried ≤7 SSRs (5/28 in both the first [early] and second [late] groups of isolates) was higher than the proportion in isolates from patients with acute disease (7/67), although this difference did not achieve statistical significance ( Figure 4E ).
We then evaluated the variation in the length of the SpA polymorphic region in S. aureus isolates from patients with chronic disease. The analysis of 44 single isolates from patients with chronic osteomyelitis of known evolution time demonstrated a significant inverse correlation between the number of SSRs and the years of evolution in patients with ≥5 years of evolution (Spearman r = −0.84, P < .01, number of pairs = 11) ( Figure 4F ), indicating that loss of SSRs required a long time of adaptation to the niche. By comparing multiple sampling from 2 patients with chronic osteomyelitis, deletion of 2 repeats (within 8 years) and 5 repeats (within 33 years) was observed. A and B, Macrophages were stimulated with the amino-terminal portion of SpA (EC), the polymorphic region of SpA (Xr), the full-length protein (SpA), or GST (control, C), and the induction of interleukin 1β (IL-1β) and interleukin 6 (IL-6) was determined 30 min or 1 h later, respectively, by enzyme-linked immunosorbent assay (ELISA). C and D, Macrophages were stimulated with Lactococcus lactis expressing protein A (L. lactis SpA) carrying 1, 8, or 10 short sequence repeats or L. lactis containing a control vector (CV) or medium (M), and the induction of IL-1β and IL-6 was determined by ELISA. Data are presented as the mean and standard deviation of triplicate wells from 1 of 3 representative experiments and were analyzed using 1-way analysis of variance with the Bonferroni posttest. *P < .05, ***P < .001. The number of SSRs in isolates from patients with CF did not correlate with the years of persistence of each particular clone in the patient ( Figure 4G ). However, by comparing the early and the late isolate from each of the 28 CF patients, 4 deletions of 1 SSR and 2 duplications of 1 SSR occurred.
DISCUSSION
Despite the extensive use of the spa polymorphism for S. aureus typing, the biological relevance of the large variability in the number of SSRs found in clinical isolates has not been previously elucidated. In this study, we demonstrated that the highly conserved repeated regions of SpA have a major impact in S. aureus virulence represented by a dose-response effect in the activation of type I IFN and other proinflammatory cytokines and chemokines according to the length of the polymorphic region. Moreover, the loss of repeated regions is suggested as a novel mechanism of microevolution during chronic osteomyelitis, whereas both deletions and duplications of repeats occur during the course of CF. Extensive epidemiologic studies show that the vast majority of the isolates associated with outbreaks of infection have >7 repeated sequence cassettes or SSRs [30] . One of the major epidemic linages of HA-MRSA in Germany expresses spa type t032, which has 16 SSRs [31, 32] ; CA-MRSA USA300, which is epidemic in the United States [33] , is usually represented by the spa type t008, which contains 10 repeated units. The spa type t008 also accounts for many methicillin-susceptible S. aureus (MSSA) isolates in France, which are thought to be a source for MRSA outbreaks through acquisition of the SCCmec [34] . In Argentina, most CA-MRSA and MSSA strains are type 311 with 9 SSRs, and HA-S. aureus strains are predominantly t149 with 12 SSRs [35] . The number of SSRs within the spa locus is independent of the presence of mecA [36] , which is consistent with many studies indicating that the greater morbidity and mortality of MRSA infections is not necessarily associated with increased virulence of these strains compared with antibiotic susceptible isolates [37] . The role of type I IFNs during infections by extracellular bacteria depends on the infecting organism and the type and stage of disease. In the initial period of sepsis, the lack of IFN-β signaling contributes to decrease inflammation [38] . However, during the prolonged period of immunosuppression that follows the inflammatory phase in which mortality often occurs, type I IFN-dependent production of CXCL10 is required for host defense [26] . Type I signaling is necessary for Streptococcus pneumoniae, group B Streptococcus, and Pseudomonas aeruginosa pulmonary clearance [39] [40] [41] , whereas it plays a deleterious role in S. aureus airway infection [14] which partially explains the poor outcome of postinfluenza pneumonia [42, 43] .
Considering how IFN-β may play different roles in different S. aureus diseases, it is interesting to note that our results demonstrate that modulation of cytokines and chemokines by the number of SSRs is different between airway epithelial cells and macrophages. Not only was the magnitude of the IFN-β response greater in airway epithelial cells, but the number of SSRs required to induce IFN-β mediated signaling was lower than the number required to stimulate macrophage responses. This finding suggests that different cell types may sense differently the number of SSRs present in SpA. The critical role of INF-β and the fine regulation of this cytokine in the outcome of S. aureus disease highlight the importance of the spa polymorphism for S. aureus virulence. The only published study that addressed the putative association between spa types and S. aureus virulence showed that spa types t002 and t016, carrying 10 and 11 SSRs, respectively, were significantly associated with severe infection [29] . Considering that inflammation is the hallmark of S. aureus infection, the link between the number of repeats and the strength of the inflammatory response induced by SpA showed in the present study may explain the association between longer polymorphic spa regions and S. aureus acute infections. Interestingly, S. aureus strains that colonize healthy individuals have a similar number of SSRs than those found in patients with acute disease.
A major strategy by which S. aureus causes disease is its ability to subvert the host immune response by the action of several virulence factors [6] . Whereas the recruitment of neutrophils to the site of infection clearly contributes to S. aureus virulence in acute and certain chronic diseases by causing tissue damage, the ability to downregulate proinflammatory signaling serves to avoid bacterial clearance and might Figure 4 . Spa types in Staphylococcus aureus isolates from healthy carriers and from patients with acute or chronic infection. A-D, Frequency distribution of the number of short sequence repeats (SSRs) present in S. aureus isolates from healthy carriers (A), patients with acute infections (B), patients with chronic osteomyelitis (C), or patients with chronic cystic fibrosis (CF) D. Group 1: isolates from Argentina; group 2: isolates from Germany. E, Proportion of isolates from patients with acute or chronic infection that carry ≤7 SSRs (A, acute; OST, osteomyelitis). Group 1: isolates from Argentina; group 2: isolates from Germany. Data were analyzed using Fisher exact test. F and G, Correlation analysis of the number of SSRs vs the time of evolution of chronic disease. Time indicates years since diagnosis (F) or minimum known years of colonization with the same clone (G). Data were analyzed using the Spearman test.
contribute to S. aureus persistence. The high plasticity of the Staphylococcus genome makes this species highly adaptive to environmental changes, which leads to significant phenotype diversification [44] . Many genotypic and phenotypical changes such as loss of capsular polysaccharide expression [23, 45] , small-colony variant formation [46] , and biofilm formation [47] have been associated to the ability of S. aureus to persist in the host. Although in vivo variation of spa types has been previously reported [15, 48] , the relevance of these changes in S. aureus pathogenesis has not been elucidated.
In this study, we demonstrate that a low number (<7) of SSRs is significantly associated with chronic osteomyelitis and that there is an inverse correlation between the number of repeated sequences and the length of chronic disease evolution. Given the importance of IFN signaling initiated by local macrophages to eradicate S. aureus from the bone and the key role of type I IFNs in modulating the bone resorption activity of osteoclasts [49] , it is suggested that in addition to the previously described phenotypic and genotypic changes [44] [45] [46] [47] , loss of repeated sequences may represent a novel advantageous mechanism used by S. aureus to adapt and persist in the host and cause chronic bone infection.
The lungs of patients with CF constitute a very distinct niche where a physiological disorder may favor bacterial colonization and persistence with cycles of exacerbation of pulmonary disease [50] . There was a high degree of variability in the length of the spa polymorphic region in S. aureus isolates from CF respiratory specimens. Both the deletions as well as the duplications of repeats were observed in paired samples from individual patients. Although it is possible that the loss of SSRs was not as obvious as in the osteomyelitis isolate collection owing to the shorter observation period in CF patients, our in vitro and in vivo experimental data from airway epithelial cells suggest that the length of the SpA polymorphic region could contribute to maintain the proinflammatory state of the airways in patients with cystic fibrosis.
Our results highlight the importance of the microenvironment during S. aureus adaptation to the host in chronic diseases. In the lungs of a patient with CF, where bacteria are protected from neutrophil phagocytosis and killing by growing, usually as biofilms within a dense layer of mucin, both gain and loss of SSRs are likely to contribute to S. aureus pathogenesis. In the bone, where bacteria are more susceptible to phagocytic clearance, loss of spa repeats may represent an advantageous mechanism to prevent neutrophil recruitment and contribute to S. aureus persistence.
Notes
